Post-translational modifications (PTMs) of nucleosomal core histones play roles in basic biological processes via altering chromatin structure and creating target sites for proteins acting on chromatin. Several features make Drosophila a uniquely effective model for studying PTMs. Position effect variegation, polycomb repression, dosage compensation and several other processes extensively studied by the powerful tools of Drosophila genetics as well as polytene chromosome cytology reveal information on the dynamic changes of histone PTMs and factors that deposit, remove and recognize these. Recent determination of the genome-wide distribution of more than 20 different histone PTM types has resulted in a highly detailed view of chromatin landscape. This review samples from the wealth of data these analyses have provided together with data resulting from gene-targeted studies on the distribution and role of specific histone modifications and modifiers. As an example of the complex interactions among PTMs, we will also discuss crosstalk involving specific phosphorylated and acetylated histone forms.
INTRODUCTION
In eukaryotic cells octamers of four core histone proteins (H2A, H2B, H3, H4) wrapped around twice by 146 bp of DNA form nucleosomes, the basic organization units of chromatin [1] . Interactions between core and linker histones, non-histone proteins, DNA and chromatin-associated RNAs, which are subsequently arranged in several layers of organization, bring about a highly ordered structure from the arrays of nucleosomes. This permits DNA with a linear length measurable in metres to be accommodated in nuclei which extend to only micrometres in diameter. Despite the high level of compaction, in a dynamic response to functional requirements regions of the nucleosome-packed DNA can become less or more accessible to proteins performing basal processes on chromatin. Changes in post-translational modifications (PTMs) of core histones play a significant role in altering chromatin compaction. Primarily the N-terminal 20-25 amino acids of core histones, and to a lesser extent side chains in the C-terminal and internal regions, provide in total more than 60 targets, at which more than 10 different types of PTMs can take place [2] [3] [4] [5] [6] . Core histone PTMs alter interactions within and between nucleosomes and provide binding sites for various effectors, which further modify interactions leading to structural and functional alterations that may last for short terms or over generations of cells.
This review of recent results on histone modifications in Drosophila starts by summarizing the advantages that the Drosophila model can offer for studying histone PTMs. It then goes on to give an overview of recent data on some of the most extensively studied types of histone PTMs. I look at the wealth of information accumulated during the past few years on Drosophila histone modifications from two viewpoints: taking a glance at what we have learned about specific histone marks from high-throughput genome-wide approaches and from gene-targeted analyses. Due to limitations of space, I can merely sample the data gathered on the role of histone PTMs and on the crosstalks between them. Nowadays, increasing numbers of reports establish links between different forms of histone modifications and up-and downstream signal transduction pathways of the cell. There is no room to discuss these data either, but recent reviews cover specific aspects [7] [8] [9] [10] .
WHY IS DROSOPHILA WELL SUITED FOR CHROMATIN RESEARCH?
Briefly put, this is due to the easy isolation of polytene chromosomes from larval salivary glands, and their suitability for obtaining picturesque images of the distribution of modified histones [11] [12] [13] . On polytene chromosomes simple fluorescent microscopy can be used to follow changes in the chromatin structure resulting from histone PTMs, along with changes in PTMs that accompany the formation of puffs at highly activated genes and several other events/features related to chromatin structure and function. In fact, the demonstration of the abundance of lysine 16 acetylated histone H4 (H4K16ac) on fly male X chromosomes by immunostaining was among the first observations that connected a specific transcription status to the presence of a specific histone PTM [14] . There are numerous further reasons that make Drosophila an excellent model for studying chromatin structure and function. A 100 years of Drosophila research has resulted in a wealth of knowledge which is difficult to match and has led to the development of highly elaborated experimental techniques rarely available in other metazoan models. Position effect variegation (PEV) analysis and a recently developed genetic system for the replacement of the complete histone gene set are just two examples to illustrate the above statement. PEV analysis studies the expression of a marker gene that is placed by chromosomal reorganization or transposon insertion into the vicinity of a heterochomatic region. Shifts in the euchromatin-heterochromatin border affect the extent of variegation of marker expression. Heterochromatin spreading inhibits expression and enhances variegation. Hypermorph mutations of genes encoding proteins that enhance heterochromatin formation, for example by depositing PTMs that facilitate chromatin compaction, are therefore enhancers of PEV. Their loss-of-function alleles behave as dominant suppressors of PEV. The power of PEV analysis-which most frequently uses a reporter that determines eye colour; therefore the eyes of the flies are indicators of their chromatin structure-has been demonstrated by the numerous chromatin modifier genes identified and/or studied with this technique. Among them are several genes encoding enzymes which deposit or remove histone PTMs, in other words write and erase histone marks [e.g. SU(VAR)3-9, a histone methyltransferase (HMT), and SU(VAR)3-3, a histone deacetylase, respectively], and chromatin binders, which recognize and read histone marks [e.g. SU(VAR)205, also known as heterochromatin protein1a] [15] [16] [17] [18] . A recent example of the power of Drosophila genetics is the development of genetic tools for the replacement of the complete histone gene set-23 copies of each histone coding gene, which are fortuitously located in one chromosomal locus in Drosophila [19] . Into the histone null background, modified histone genes carrying desired mutations can be reintroduced, permitting the analysis of the effect of specific histone mutations and mutation combinations in a multicellular organism. Results of ongoing experiments demonstrating the power of this approach are expected to accumulate soon.
Several other aspects of the Drosophila experimental model provide unique opportunities to exploit and have been used with success in chromatin research. Dosage compensation, by which the expression level of X chromosomal genes in males is adjusted to that in females, serves as a paradigm for fine-tuning and setting a specific level of gene transcription [20] . The regulation genes belonging to the polycomb and trithorax groups is another example of processes by which histone modifications ensure long-lasting epigenetic effects [21, 22] . The fly model has proven to be invaluable for the understanding of these and several other mechanisms regulating chromatin functions.
As a highly effective model, Drosophila is included in the modENCODE program [23] . The first sets of results of these coordinated high-throughput efforts have been published recently and provide a continuously growing publicly available mass of information on histone marks and other chromatin features [24] . Combined with the fact that the genome sequences of 12 Drosophila species have been determined [25, 26] , the fly system clearly has a lot to offer for those interested in chromatin structural and functional organization.
POLYTENE CHROMOSOMES AND CHIPS
Polytene chromosomes have been used to visualize specific chromatin marks for more than 20 years [14] . Detection of a given type of histone PTM by immunostaining of salivary gland polytene chromosomes is a fairly standard protocol, but requires high-quality specific antibodies. Since histone-DNA interaction is strong, detection of the presence of a specifically modified histone form is generally unambiguous, unlike the detection of the presence of less tightly associated chromatin factors. Low specificity and cross-reactivity of antibodies, however, can cause problems, and quantitative analysis by immunostaining is problematic. As the banding pattern results from alternation of compacted chromatin regions corresponding to 20-30 kb DNA segments and more relaxed interbands comprising 2-5 kb regions, localization of specific marks to transcriptionally active or inactive regions is at the limit of resolution attainable by studying immunostained polytene chromosomes. Uncovering histone PTM distribution at subgenic levels by this technique remains out of reach. Ironically, the chromatin marks and interactions which determine polytene chromosome structure and result in alternating band-interband formation have proven to be elusive too, and only very recently have there been reports on combining physical map data with protein-binding profiles and PTM distributions [27, 28] .
The technique of choice for studying PTMs is chromatin immunoprecipitation (ChIP) [29, 30] . High-quality specific antibodies are as critical for ChIP as they are for polytene staining, but the two techniques have different quality requirements [31] . In recent years technical advances have made possible the mapping of chromatin marks and other structural and functional genome features by high-throughput approaches, most of which represent variations of ChIP combined with microarray or deep-sequencing technologies (ChIP-chip and ChIP-seq). In light of the rapid progress of sequencing technologies, large data quantities and fine resolution are anticipated in mapping specific histone mark positions. Pair-wise comparisons of ChIP-chip and ChIP-seq datasets of histone modifications indicate that both technologies produce reproducible PTM profiles. The quality of input DNA, sequencing depth and data analysis methods, however, can be sources of biases and can significantly affect the conclusions drawn from high-throughput data. Direct transfer and comparison of data from different experimental platforms also require extra caution [32] . Advances in quantitative protein analysis, the use of high-resolution mass spectrometers, liquid chromatography-tandem mass spectrometry and combination of these with stable isotope labelling techniques [33] permit detection of novel modification types and sites, deduction of the kinetics of particular modifications and quantitative characterization of interactions between chromatin marks and readers of those [34, 35] . For technical reasons most of the studies mapping genome-wide distribution of histone marks have been performed on tissue culture cells. Nonetheless, the high-resolution data on chromatin marks in insect cells representing different tissues can be correlated with data generated by studying polytene chromosomes, leading to the reassuring conclusion that chromatin of polytene cells is indeed organized very similarly to interphase chromatin in mitotically dividing diploid cells [27, 28] .
GENOME-WIDE VIEWS OF DROSOPHILA HISTONE MODIFICATIONS
Several recent reports describe genome-wide chromatin landscapes of histone PTMs together with numerous other features of chromatin (localization of histone variants, non-histone proteins, nucleosomes, origins of different RNA forms, etc). These data-most of them freely accessible [26] -include analyses both of eu-and heterochromatic regions and extend enormously the results of earlier studies on the distribution of histone marks [36] (Table 1) .
Based on the localization of 53 chromatin-associated proteins Filion et al. [37] defined five major chromatin types distributed in 8424 domains, containing 1-52 kb of DNA each, in Drosophila Kc cells. Parallel determination of the distribution of four histone PTMs (H3K4me2, H3K9me2, H3K27me3 and H3K79me3) revealed that combinations of enrichments of specific histone marks characterize each chromatin type, dubbed colours. In addition to chromatin rich in H3K9me2 and H3K27me3 (blue and green chromatin), which represent classical pericentric-and polycomb-type heterochromatin, respectively, this report defined a silent chromatin type (black) that comprises nearly half of the genome and is characterized by low levels of active histone marks H3K4me2 and H3K79me3. Two chromatin types (red and yellow) bear hallmarks of transcriptionally active euchromatin, with respect to mRNA production and RNA Pol II level, together with high levels of H3K4me2, H3K79me3 and low levels of H3K9me2 and H3K27me3 histone marks. Notably, regarding the presence of H3K36me3, the two active chromatin types seem to differ. H3K36me3 is placed co-transcriptionally; therefore, it is considered to be a hallmark of transcribed regions. In accord with this a role proposed for H3K36me3 is to inhibit transcription initiation within coding regions by facilitating histone deacetylation [38] . H3K36me3 marks have also been suggested to serve as slow-down signals on exonic regions to facilitate the recruitment of splicing machinery [39, 40] . Genes in red-and yellowtype chromatin are expressed in similar levels; the two chromatin types, however, differ in that H3K36me3 is detectable in the former, but not in the latter [37] . Within the modENCODE project the distribution patterns for a large number of histone PTMs together with several other chromatin marks have been determined [41] . Studies on H3K9ac, K18ac, K23ac, K27ac, H4K16ac, H3K4me1, me2, me3, H3K9me2, me3, H3K27me3, H3K36me1, me3, H3K79me1, me2 and H2Bub modifications in embryonic (S2) and larval nerve cells (BG3) led to the definition of nine major chromatin types by which the whole chromatin landscape can be described [42] . In agreement with earlier data, enrichment or depletion of individual histone marks characterizes not only the active state of particular genes but correlates also with the magnitude of expression and the length of the transcription units. This study found exonic regions rich in H3K36me3 in general. Intronic regions contain enriched levels of H3K27ac, H3K4me1 and H3K18ac marks. The presence of H3K4me2, me3 and H3K9ac activating marks characterizes promoter regions and In Kc cells, for 40% of euchromatic genes Binary pattern of PTM distribution: active genes display high, inactive ones low levels of the studied acetyl and methyl marks. PTMs are mostly at active genes in levels proportional with levels of transcription.
[94] H3K9/14ac, H3K4me2, H3K9me2
For heterochromatic genes in embryos
At heterochromatic genes H3K4me2 and H3K9/14ac marks are enriched on the promoters, H3K9me2 is depleted but is enriched throughout the transcribed regions. Eu-and heterochromatin transition zones show H3K9me2 enrichment.
[37] H3K4me2, H3K9me2, H33K27me3, H3K79me3, H3K36me3
Genome-wide distribution in Kc cells
The genome is segmented into five principal chromatin types (two active, three repressive), distributed in 8428 domains, each containing 1^52 kb DNA. In respect of the presence/absence of H3K36me3, active genes form two classes.
[ [39] . Studies on the genome-wide distribution of histone marks open ways to answer questions related to the nature of eu-and heterochromatin structure and the distinctions between them. Yasuhara and Wakimoto [94] found that heterochromatic genes are integrated into H3K9me2-enriched domains and bear this mark all over the transcribed, but not the 5' regions. Euchromatin-heterochromatin transition zones display enrichment of the H3K9me2 mark, which is redistributed following chromosomal rearrangements. An analysis of the large modENCODE dataset in this respect reveals the plasticity of chromatin organization [44] . In light of these data it seems that the traditional heterochromatin-euchromatin classification should be reconsidered. Often no sharp distinctions regarding either PTM marks or gene transcription exist in chromatin regions classified traditionally as eu-or heterochromatin. The organization of heterochromatin is surprisingly complex, as it displays a mosaic of distinct chromatin signatures. Both silent and active protein-coding genes are packaged into heterochromatin with complex patterns of histone modifications. Most of the active genes exhibit marks considered signals of activation and of silencing simultaneously, e.g. H3K4me3, H3K36me3 and H3K9me2, respectively. The hallmark of active genes in heterochromatic domains appears to be a loss of H3K9 methylation at the TSS. On the other hand, an unexpectedly large fraction of sequences in the euchromatic chromosome arms exhibits a heterochromatic chromatin signature, which differs in size and position among cell types [44] .
A further step in uncovering the rules governing the hierarchical organization of Drosophila chromatin is offered by mapping the chromosomal contacts with high resolution within the nucleus [45] . In respect of the topic of this review, the most important message of this analysis is that the chromosomal contact map suggests contiguous chromatin regions forming physical domains that correlate with epigenomic domains. Thus, enrichment of specific histone marks characterizes modular chromosomal entities.
DYNAMICALLY CHANGING CHROMATIN MARKS AND THEIR FUNCTIONAL CONSEQUENCES
Genome-wide approaches provide data on the distribution of histone marks and protein factors that deposit or recognize those marks-referred to frequently as writers and readers of the histone code. Using advanced techniques, the genome-wide distribution of nucleosomes [46] and localization of several multiprotein complexes have also been described in Drosophila [21, 47, 48] . Information on the direct cause-and-effect relationships between writers and readers of histone marks and functional translation of the histone code, however, is collected in general as smaller bits of data by analysing changes of modifications at specific genes under specific conditions with the exploitation of the genetic tools Drosophila can offer. In the next section some of the recent results obtained from studies on the deposition of selected marks, crosstalks between marks and functional consequences are reviewed. I restrict the discussion to phosphorylation by JIL-1 and acetylation by GCN5 as work in our laboratory relates to these, and they can serve as examples to show that histone marks deposited by single enzymes or enzyme complexes act in concert and affect many aspects of chromatin structure and function.
HISTONE H3 S10 PHOSPHORYLATION REGULATES CHROMATIN STRUCTURE AND TRANSCRIPTION
Phosphorylation is one of the major forms of histone PTMs. It can take place on each of the four core histones involving serine [49] , threonine [50] , tyrosine and histidine [51] . Addition of a phosphate group to a histone side chain results in a net change in charge. As may be expected, the electrostatic charge alteration will have an influence on the chromatin structure. Changes of histone phosphorylation also frequently accompany changes in transcription. In general, histone phosphorylation links chromatin function to cellular signal transduction pathways [52] . Several of the known kinases involved in cellular signal transduction act on histone substrates, and presumably many of the phosphatases acting on histones are also among those involved in other cellular processes as well, though only a few histone dephosphorylating enzymes have been identified so far. In accord with its tight links to cellular signalling, histone phosphorylation is one of the dynamically changing forms of histone PTMs; its half-life is between 30 min and 2-3 h. [In comparison, the half-life of acetyl marks ranges in minutes and tens of minutes, while that of the methyl marks reaches a day or even more (for a review see [34] ).].
Perhaps the most interesting observation in relation to histone phosphorylation is that it can be associated with chromatin processes requiring seemingly opposite structural changes [53] . Chromosome condensation during mitosis and chromatin decondensation during transcriptional activation require different structural alterations-histone phosphorylation nonetheless accompanies each of these processes. The enzymes depositing phosphate groups and their target sites seem to play roles specifically in one or the other process, though modifications at specific sites such as H3S10, for example, might serve in both (see more on H3S10ph below).
In Drosophila, threonine and serine phosphorylation is studied in detail [54] . In embryos, nucleosomal histone kinase-1 (NHK-1) modifies Thr119 at the C-terminus of H2A. The phosphorylation is linked to cell-cycle progression and chromosome dynamics. NHK-1 has a high affinity for chromatin and does not modify free H2A in solution [55] . In addition to NHK-1, AuroraB and Polo kinases also play roles in regulating H2AT119 phosphorylation during mitosis [56] . The most prominent phosphorylation targets of histones are, however, serines. In particular H3 phosphorylation at serine 10 (H3S10ph) is observed frequently. This modification accompanies different processes, including transcription activation and chromosome condensation during mitosis. In different models, multiple kinases have been shown to phosphorylate H3S10. In general, H3S10 phosphorylation is frequently implicated in the fast and transient induction of promoters in response to various inducers [54] . At mitosis, Aurora B is the kinase that lays down genome-wide H3S10ph (and also H3S28ph), and PP1 phosphatase works antagonistically to Aurora B [57, 58] .
During interphase in Drosophila, the majority of histone H3 phosphorylation at serine 10 is done by JIL-1, a ubiquitously expressed, essential nuclear tandem kinase [59] . The roles of JIL-1 in inducing chromatin structural changes and transcription responses as well as its involvement in crosstalk among different forms of histone modifications are extensively studied, but to some extent are nevertheless still unclear. The case of H3S10ph demonstrates the complexity of the mechanisms by which a single histone modification form can affect chromatinassociated processes. Trying to understand the consequences of H3S10 phosphorylation offers the possibility to get a sense of the difficulty of dissecting direct and indirect effects of chromatin modifications and highlights the observations that chromatin modifications do not act in isolation. Crosstalk between marks can be both synergistic and antagonistic and frequently the same mark participates in processes with different outcomes, depending on the context [60, 61] . All these combined contribute to the difficulties of establishing defined causative relationships between biological effects and presence (or absence) of a single mark.
The JIL-1 kinase was found to be implicated in dosage compensation [59] . Similar levels of gene expression from the X chromosomes present in different copy numbers in the two sexes in Drosophila is achieved partly by the acetylation of H4K16 at male X chromosomes by males absent on the first (MOF), the histone acetyltransferase (HAT) present in dosage compensation complex [20] . At larval polytene chromosomes JIL-1 associates with decondensed interbands. On dosage compensated male X chromosomes its preferential localization is detectable. This localization is in accord with the presumed role of the kinase and the mark deposited by it in regulation of transcription [59] . A more direct involvement of JIL-1 and H3S10ph in transcription is suggested by experiments reported from the Corces laboratory [62, 63] . Upon heat shock gene activation, H3S10 phosphorylation by JIL-1 leads to the recruitment of a 14-3-3 type phosphoserine-binding protein and of the HAT elongator protein 3 (Elp3). The H3S10ph mark and H3K9 acetylation by Elp3 trigger the transition of an initiated RNA polymerase II into the elongation mode. This mechanism of action is similar to that suggested for H3S10ph marks in the mammalian system. The crosstalk between H3S10ph and histone acetylation in mammalian cells also depends on the 14-3-3 adaptor protein which, by associating with H3S10ph, recruits the acetyltransferase MOF [64] . Very recent data from the Corces laboratory [65] link JIL-1 to CBPmediated acetylation of H3K27 as well. They show genome-wide localization of JIL-1 at enhancers and promoters and suggest that H3S10ph and H3S28ph modifications by the kinase in combination with H3K9ac and H3K27ac marks deposited by Elp3 and CBP HAT, respectively, provide target sites for the recruitment of 14-3-3 protein which mediates interaction between enhancer and promoter.
In several experimental settings the regulation of transcription by JIL-1 and H3S10ph marks does not seem to be so direct. No direct involvement of JIL-1 in transcription was observed at the activation of GAL4-inducible reporter genes, and immunostaining of polytene chromosomes indicated that GAL4-responsive reporters were activated with very little recruitment of JIL-1. RNA polymerase-II-mediated transcription was detected in the absence of H3S10 phosphorylation [12, 66] . Determination of a high-resolution chromosome-wide interaction profile indicated JIL-1 binding at active genes along their entire length, but the presence of the kinase was not proportional to average transcription levels or polymerase density [67] . Significantly, the depletion of JIL-1 by RNA interference also had only mild effects on transcription. On the other hand, numerous observations suggest a role for JIL-1 and H3S10ph marks in chromatin structure regulation. Several JIL-1 alleles are strong modifiers of PEV [18, 68] . A null mutation of JIL-1 leads to a global disruption of chromatin structure [69] . Particularly clear is the distortion in the structure of the dosage compensated male X chromosomes in the absence of JIL-1. Ectopic recruitment of JIL-1 to a series of Lac operator repeats by fusion to a lacI DNA-binding domain leads to local decondensation of polytene chromatin [70] . This reorganization of chromatin depends on the kinase activity of JIL-1. In the absence of H3S10 phosphorylation an extensive spreading of heterochromatin is observable as SU(VAR)3-9, the HMT responsible for deposition of H3K9me2 marks spreads to euchromatic regions. H3K9me2 marks serve as target sites to HP1 localization [71] . Thus, JIL-1 seems to play its role in maintaining the balance between euchromatin and heterochromatin [67] . The kinase contributes to reinforcing the active state of chromatin by phosphorylation of H3S10, which prevents SU(VAR)3-9 access and H3K9me2 formation. In the lack of H3K9me2 target sites HP1 and other silencing factors fail to associate to chromatin. Curiously, a decrease of histone H4K5/K12ac levels resulting from the loss of ATAC HAT complex function also interferes with H3S10ph deposition, most likely by precluding JIL-1 access to chromatin. As a result, ATAC mutations, similarly to JIL-1 mutations, permit H3K9me2 spreading [72] . Thus, interdependence among H4K5/12ac, H3K10Sph and H3K9me2 marks is observable, though the direct connection between the crosstalk between the three marks has not been proven. As mentioned above, in addition to these, links between H3S10ph and H4K16ac marks are also well documented, and connections of H3S10ph to other marks, not discussed here, have also been demonstrated.
It is also noteworthy here that a recent report has demonstrated physical interaction of SU(VAR)3-9 and JIL-1. The HMT is phosphorylated by the kinase at a residue within the N-terminal region. Though this region is important for the HMT function, a change in methyltransferase activity after phosphorylation was not detected; therefore, exploring the functional significance of this modification requires further studies [73] . Another interesting twist in the studies related to JIL-1 and H3S10ph marks is the demonstration that the perturbed polytene chromosome morphology of Jil-1 null mutants is unrelated to gene silencing in PEV [74] . Thus the H3S10ph mark plays a role in preventing heterochromatic spreading, but the structural distortion of polytene chromosomes arises from some other effect elicited by the absence of JIL-1.
HAT VARIATIONS: ONE HAT IN TWO COMPLEXES,TWO HATS IN ONE COMPLEX
Next to phosphorylation the other dynamically changing and extensively studied histone PTM form is acetylation [75] . Several HATs, which act most often within multiprotein complexes, have been identified in Drosophila [76] . Hat1 (KAT1, lysine acetyltransferase 1) is a B-type HAT involved in creating H4K5ac and H4K12ac marks on newly synthesized histones. These marks play a role in histone transport to the nucleus and histone deposition and are removed rapidly after histone integration into nucleosomes [77] . Nuclear HATs are grouped into three main families. Members of each type have been identified in Drosophila. MOF (KAT8), chameau (KAT7) and Tip60 (KAT5) belong to the MYST HAT family. dGCN5 (KAT2) and Elp3 (HAT9) represent members of the GNAT HAT family, while nejire (KAT3) is the single Drosophila CBP/p300 homologue. As in other organisms, Drosophila HATs are rather promiscuous enzymes and the specificity of those which act as subunits of multiprotein complexes is influenced by interactions within the complexes. Curiously, several HAT mutations cause lethality only in late stages of development. Whether this reflects perdurance of maternally deposited enzymes, pleiotropy of HAT complexes, high tolerance of polytene larval tissues towards alterations in nucleosomal histone acetylation levels or combinations of these remains to be determined.
Among Drosophila HATs MOF is perhaps exceptional in being highly specific for H4K16. MOF plays a key role in dosage compensation as the catalytic unit of dosage compensation complex, also known as male-specific-lethal complex. Recent data, however, show a general genome-wide function for MOF within non-specific lethal complexes as well [47, 48] . H4K16 on the other hand is targeted by several other Drosophila HATs as well. Atac2, a subunit of the ATAC complex (Ada2a containing, see below), and chameau also deposit acetyl marks to this lysine. Chameau is a homologue of human HBO1. Via its ability to acetylate H4, HBO1 plays a role in replication initiation control and nucleosome reorganizations at the time of replication and following DNA damage. In Drosophila chameau is also involved directly in transcription activation during metamorphosis and in Hox gene silencing [78, 79] . Nejire, the CBP homologue, is one of the most promiscuous fly HATs. It acetylates several H3 lysines and plays roles in diverse processes, among them in enhancer functions. Acetylation of H3K27 by CBP prevents H3K27me3 formation at polycomb target genes and constitutes a key part of the molecular mechanism by which trithorax protein antagonizes polycomb silencing [80] . The genome-wide localization of nejire and H3K27ac marks in Drosophila cells is in accord with this function. CBP also acetylates H3K56 and through this it plays a role in the assembly of histones at sites of DNA repair. The histone chaperones Asf1 and CAF-1 are required for H3K56 acetylation and for incorporation of histones bearing this mark into chromatin, respectively [81] . Of the two Drosophila GNAT-type HATs, Elp3 and GCN5, the former plays a role in nucleosome remodelling via H3 acetylation. In accord with this mechanism of action, elp3 mutations have similar effects on hematopoiesis and development to mutations of the SWI/SNF-like ATP-dependent chromatin remodelling enzyme domino [82] . The single GCN5 homologue of Drosophila is a subunit of two functionally distinct HAT complexes [76] . The archetypical GCN5-containing complex SAGA is present in a similar composition from yeast to humans in all eukaryotes tested. Loss of SAGA function, resulting from null mutation of a complex-specific ADA2b subunit, results in reduced histone H3K9ac and K14ac levels [83, 84] . Total RNA profiling of Ada2b mutants indicates alterations-increase or decrease in roughly equal proportions-in mRNA levels corresponding to a relatively low number of genes [85] . The acetyltransferase module of SAGA consists of four proteins (GCN5, ADA3, ADA2b and SGF9) and is believed to be a structurally and functionally rather independent unit of the complex [86] . Nonetheless, loss of another subunit of dSAGA, a WD domain containing protein, also results in a decrease in H3K9ac and K14ac levels [87] . The WD domain containing protein mutants display reduced histone acetylation levels predominantly in the central nervous system. In addition to HAT enzyme activity, dSAGA complexes carry a ubiquitine protease Nonstop, which together with two other factors forms an H2BK120ub deubiquitinating module within SAGA complexes. Nonstop mutant Drosophila fails in proper axon termination in the developing optic lobe [88] . The deubiquitinating function of SAGA is also important in regulating tissuespecific gene expression by destabilizing nucleosomes and facilitating transcription elongation [89] . The two histone-modifying activities of dSAGA, H3 acetylation and H2B deubiquitation, are independent in the sense that mutations affecting one or the other do not result in identical phenotypes and alter the expression of different groups of genes. Thus, in this case although two histone-modifying enzymes are localized to one complex, crosstalk between them is hardly observable.
Another GCN5-containing HAT complex of Drosophila and other metazoan organisms is ATAC [90] . While SAGA and ATAC have mostly different subunits, they share the proteins constituting SAGA's HAT module, with the exception that in ATAC ADA2a replaces the related ADA2b present in SAGA. An overlapping histone specificity of SAGA and ATAC therefore would not be surprising. This, however, has not been detected. In fact, the two complexes are clearly distinct in function. In contrast with pupa lethal Ada2b (SAGA) mutants, ATAC specific Ada2a null mutants are late larva lethal and display severely reduced H4K5ac and H4K12ac levels on their polytene chromosomes [91] . Whether this is a result of the loss of GCN5 function that is targeted to H4 as part of ATAC or of the loss of other acetyltransferases deregulated by ATAC mutation is at present an unresolved question. A further possibility could be that the loss of H4 acetylation in Ada2a mutants is caused by the loss of activity of Atac2 (KAT14), the other HAT present in the complex [60] . Mutations of the Atac2 gene result in a decrease of H4K16ac level and lethality in second larva stage [90] . Therefore, at present it is hard to reconcile histone acetylation changes observed in Atac2 and Ada2a mutants and activities attributed to acetyltransferases present within the ATAC complex. Loss of ATAC function, caused by mutations either in the Ada2a or the Ada3 subunit of the complex, alters mRNA levels in a much higher number than do mutations affecting SAGA (Ada2b). Currently it is unclear which genes are affected by the loss of ATAC function directly and indirectly. It is noteworthy that cytochrome C genes involved in cholesterol metabolism and consequently ecdysone synthesis in the prothoracic gland of Drosophila larvae are downregulated in Ada2a null ATAC mutants in a coordinated fashion [92] . As mentioned above, the reduced H4K5ac and K12ac levels in ATAC mutants influence polytene chromosome organization as well, suggesting links between acetylation by ATAC, phosphorylation by JIL-1 and methylation by SU(VAR)3-9 [72] . ATAC function also links histone modification to MAP kinase signalling [93] . Combined, ATAC might represent a paradigm of the mechanism by which histone PTMs can regulate chromatin functions: upstream cellular signalling pathways reach the code writer(s) and lead transient changes in histone tail PTMs. The signals are integrated by recruitment(s) and changes in the activity(ies) of other writer(s), eraser(s) and reader(s). Relay of the signal is accomplished by altering the activities of further chromatin modifiers, remodelers and/or by the PTMs changing directly the interactions and stability of nucleosomes, which in turn affect enzyme complexes involved in transcribing, copying and mending DNA.
CONCLUDING REMARKS
New data on histone modifications are accumulating daily with accelerating speed. A driving force of the related studies is the recognition that histone PTMs play roles most probably in every chromatin related function. At present, we have an extensive knowledge on the various histone PTMs and enzyme activities which create and remove these. Nonetheless, the accumulation of new data still extends to recognition of new modification forms and activities playing roles in forming, recognizing and removing them. More and more studies, however, aim to explore the interplay existing between different forms of histone modifications, specific histone PTMs and cellular signalling pathways, and it is particularly challenging to uncover mechanisms by which PTMs affect downstream processes leading to DNA and RNA biogenesis and maintenance. The Drosophila model has played and is expected to continue playing a significant role in these adventures. Expectedly, within a short time correlation between diploid and polytene chromatin structure will be established and targeted manipulations of histones in live animals will be attempted. Both of these accomplishments will represent significant steps forward in understanding and asking new questions relating to chromatin structure and function relationships. Analyses of chromatin modification landscapes, similarly to the several recent approaches in different cell types and in differentiation stages, will undoubtedly continue and extend to diverse directions: providing description of changes in PTMs in specific cell types during development, comparing PTM patterns among tissues, extending the analyses to Drosophila species other than melanogaster. The sophisticated tools of Drosophila genetics which can provide means for turning genes on or off, eliminating or enhancing specific functions, marking specific cells or cell types and for many other smart tricks will amplify the power of these approaches. Consequently, we have good reason to expect that results obtained by studying Drosophila PTMs will lead us closer to the answer for many open questions of chromatin research which, despite the remarkable amount of knowledge accumulated on histone PTMs, have still remained unanswered.
Key points
Among others, analysis of polytene chromosomes, PEV, dosage compensation, polycomb regulation and sophisticated genetic tools have made Drosophila a powerful experimental model of chromatin research. By the determination of genome-wide distributions of PTMs and other chromatin features a detailed Drosophila chromatin landscape is developing. The distribution of histone modifications reveals plasticity of chromatin organization dampening traditional sharp distinctions regarding heterochromatin-euchromatin classification. Gene clusters with characteristic expression profiles and biological functions share distinct patterns of chromatin marks around TSSs. Histone PTMs interplay with each other and up-and downstream cellular signalling pathways.
